products of pyruvate oxidation were found among strains of graded virulence. The rate of pyruvate oxidation was directly related to strain virulence, whereas the endogenous respiration rate was inversely correlated with virulence. For all tested strains possessing some degree of virulence, maximal rates of pyruvate oxidation were obtained with small concentrations of pyruvate (10 to 20 ,umoles), above which the oxidation rate was depressed. Small concentrations of glutamate or other dicarboxylic acids effected nonadditive stimulation (sparking) of the pyruvate oxidation rate only at pyruvate concentrations above optimal (greater than 20 umoles). The avirulent strain 38A was unique, being characterized by a low endogenous respiration rate, a maximal rate of pyruvate oxidation at all concentrations above 20 ,moles, and the absence of glutamate sparking. Studies of cell-free extracts indicated that the differences in pyruvate oxidation among the strains may be attributed in part to variation in the properties of enzymes of the tricarboxylic acid cycle.
There are, at present, only fragmentary data concerning biological characteristics which serve 1 This investigation represents a portion of a dissertation submitted by I. Weinstein to the Graduate Council of the George Washington University in partial fulfillment of the requirements for a Ph.D. degree. 2Present address: Department of Pharmacology, School of Medicine, Vanderbilt University, Nashville, Tenn. to assess virulence of strains of Pasteurella tularensis. Fleming and Foshay (1955) reported that virulent strains of P. tularensis possess citrulline ureidase, whereas an avirulent strain lacked this enzyme. Recent data (Marchette and Nicholes, 1961) have shown that citrulline ureidasenegative mutants from a virulent strain retain full virulence. Fleming and Nishimoto (1955) were unable to obtain growth of the avirulent strain 38 on their synthetic medium in the absence of guanine, adenine, and uracil. Shepard (1959) reported that strains of P. tularensis differing in virulence proliferate in HeLa cells at a growth rate comparable to that observed on bacteriological media. Highly virulent SCHU S4 and CHUR strains gave higher cellular yields in the synthetic medium of Nagle, Anderson, and Gary (1960) than did strains of intermediate or no virulence; however, no attempt was made to relate these nutritional differences to a mechanism concerned with virulence.
This study of pyruvate decarboxylation mediated by cocarboxylase and of other steps of the tricarboxylic acid cycle establishes the unique correlation between gradations in virulence and some quantitative aspects of terminal oxidative metabolism. Some of these findings have appeared in preliminary reports (Weinstein, Guss, and Housewright, 1957; Weinstein, Guss, and Altenbern, 1959, 1960) .
MATERIALS AND METHODS
Strains. The seven strains of P. tularensis used in these experiments are ranked in order of the mouse intraperitoneal LD5o value (Table 1) .
Strain 503, a typical Asiatic strain isolated in the USSR, differs from SCHU S4 in its relatively low virulence in the rabbit and its inability to ferment glycerol (Olsufiev, Emelyanova, and Dunayeva, 1959) .
Growth. All strains were grown on a shaker in peptone cysteine broth (PCB; Snyder et al., 1946) . Inocula for PCB were prepared from glucose cysteine blood agar slants (Downs et Stauffer, 1951) . Except where noted, each flask in resting-cell studies contained 1 mg of bacterial nitrogen; 1 ml of 0.067 M Sorensen's buffer (pH 6.0); 0.2 ml of 20% KOH in the center well; total fluid volume, 3.2 ml; air atmosphere (37 C). Flasks in cell-free studies contained 1 ml of cell-free extract (15 to 18 mg bacterial protein), 1 ml of 0.067 M Sorensen's buffer (pH 7.0), other constituents, and conditions similar to those in resting-cell studies except where noted.
Chemical methods. Nitrogen was determined by the method of Johnson (1951) . Protein was determined by the biuret and Folin-Ciocalteau methods (Colowick and Kaplan, 1957) . Pyruvate and a-ketoglutarate were determined by the method of Friedemann and Haugen (1943) , and acetyl phosphate by the method of Lipmann and Tuttle (1945) . Citrate was determined by the method of Natelson as modified by Elliot (1957) . The chromatographic method of Housewright and Thorne (1950) was used to determine glutamate.
RESULTS
Requirements for pyruvate oxidation. The oxidation of pyruvate by both P. tularensis SCHU S4 (virulent) and 38A (avirulent) resting cells was maximal in the pH range of 5.5 to 6.0. Data from a carbon balance experiment with both strains showed that pyruvate was oxidized according to the equation: 1 CH3COCOOH + 2.5 02 -+ 3 CO2 + 2 H20. Gunsalus, Dolin, and Struglia (1952) observed that optimal pyruvate oxidation by Streptococcus faecalis 1OC1 resulted when the cells were supplemented with adenosine, riboflavin, Mg+, thiamine, DL-a-lipoic acid, and sodium glutamate. A similar pathway of pyruvate oxidation probably exists for P. tularensis, since we found that both strains were stimulated by thiamine and DL-a-lipoic acid although strain 38A was not stimulated by sodium glutamate. Comparable concentrations of a-ketoglutarate, aspartate, fumarate, and succinate were also shown to "spark" pyruvate oxidation by restingcell suspensions of the virulent strain, but not the avirulent strain.
The effect of glutamate concentration on pyruvate oxidation and vice versa is shown in Fig. 1 (Housewright and Thorne, 1950) Cell-free studies. Since unadapted intact cells of other bacterial species show a low permeability to citrate and other compounds, cell-free preparations of strains SCHU S4, LVS, and 38A were used for a comparative study of citrate, aketoglutarate, and pyruvate oxidation, and for studies of the condensation of oxaloacetate and acetyl phosphate to form citrate. Cell-free extracts of all three strains were capable of oxidizing citrate in the absence of added cofactors (Fig. 2) . Strains SCHU S4 and LVS exhibited a higher rate of oxygen consumption (30 ,liters per mg protein per hr) with citrate than the avirulent 38A (16 ,uliters per mg protein per hr). During the oxidation of citrate, all three extracts accumulated a keto acid which was identified chromatographically as a-ketoglutarate (Denison and Phares, 1952) . Moreover, the observed oxygen consumption was equal to the theoretical amount required for conversion of the citrate to a-ketoglutarate.
In the absence of cofactors, a-ketoglutarate was not oxidized. Cocarboxylase was the only cofactor essential for a-ketoglutarate oxidation, but diphosphopyridine nucleotide (DPN), coenzyme A (CoA), and Mg+ were stimulatory.
Strains SCHU S4 and 38A oxidized a-ketoglutarate at higher rates than LVS (Fig. 3) .
The three cell.-free preparations oxidized pyruvate optimally within the concentration range of 20 to 40 Amoles (Fig. 4) loacetate were oxidized, however, thus substantiating the participation of the tricarboxylic acid cycle in the metabolism of P. tularensis.
Further evidence for the tricarboxylic acid cycle is presented in Table 3 , which shows the activity of the three extracts in a system analogous to the Ochoa condensing-enzyme system of pig heart (Colowick and Kaplan, 1955 
DISCUSSION
Virulence of bacteria has been correlated with production of specific antigens or capsular material or both (MIacLeod, 1958) . However, little is known regarding the role of metabolic mechanisms which may play a decisive part in the final expression of virulence through synthesis of the required antigens. There are instances known in which the introduction, through mutation, of a single nutritional deficiency into virulent bacteria renders them completely avirulent for test animals, unless the required nutrient is simultaneously provided (Bacon, Burrows, and Yates, 1950 A few factors peculiar to microbial metabolism have been isolated and identified as contributing to the ability of P. tularensis to multiply within infected tissues. The observations indicate that gradations in energy-yielding mechanisms do exist and vary directly with strains exhibiting virulence. It is suggested that the quantitative differences in the tricarboxylic acid cycle could modify the expressed virulence observed in various strains of P. tularensis.
